Brain damage resulting from cardiac arrest and stroke is a major cause of mortality and disability in the United States. Although the brain may repair itself, elevation of immediate early genes has been known to be positively related to expression of matrix metalloproteinase-9, a precursor of brain edema (1-5), a major cause of stroke-induced death in humans. The ability to detect alterations in endogenous gene transcription in live subjects can be pivotal for early intervention after an ischemic episode. Contrast-enhanced magnetic resonance (MR) imaging (MRI) permits real-time imaging, tracking of pathophysiological changes, and longitudinal studies at both the cellular and molecular levels (6 -8) .
Single-stranded complementary DNA and RNA have been used to report gene transcription in molecular biology based on Watson and Crick's double helix theory (Fig. 1A) , and previous studies have shown that brain cells retain phosphorothioate-modified oligo DNA (sODN) in vivo (9, 10) . Although at high doses (Ն40 nmol/kg), sODNs with sequences complementary to mRNA (antisense sODNs) produce transient gene knockdown effects (11) (12) (13) , equal doses of sensesequence control sODNs and low doses of antisense sODNs do not affect gene expression in the brain (14, 15) . Some investigators (16 -18) have shown that liposome can facilitate sODN fusion to the cell membrane and thus enhance cerebral sODN retention.
The goal of this study is to establish whether MR contrast agents function as suitable labels for nucleic acid probes to report gene transcription in the brains of live animals (Fig. 1B, C) . The target transcript in this study is c-fos mRNA, an immediate early gene transcript that encodes the Fos peptide, an essential component of activator protein-1 and a neuronal transcription regulator that activates the expression of many genes including nerve growth factor (17, 19, 20) . In normal resting neurons, c-fos mRNA is minimally expressed (is less abundant), but neuronal activities, stress, and cerebral ischemia can elevate its expression to levels at least 1 to 2 orders of magnitude higher than resting levels (21, 22) . Conversely, ␤-actin mRNA is constitutively expressed at high levels and is not significantly elevated by cerebral ischemia; because its expression remains relatively stable, ␤-actin can be reliably used as a control (23) . We aimed to determine whether SPION-cfos binds to its target mRNA in vivo, and whether SPION-sODN with sequence complementary to intracellular mRNA would report its gene transcript in the central nervous system. This MR probe will allow longitudinal studies of a wide range of disease models at both the cellular and molecular levels.
MATERIALS AND METHODS
Probe preparation for SPION-NeutrAvidin and MRI Probes has been described previously. Briefly, all sODNs are with biotin attached to either the 3Ј or 5Ј end (24, 25) . To trace cell uptake of sODN, we labeled the 3Ј-OH terminus of sODN-cfos with digoxigenin-dUTP (dig-dUTP), a DNA marker, generating 5Јbiotin-sODN-3Јdig with the addition of terminal transferase (Roche Applied Sciences, Indianapolis, IN, USA). The 5Јbiotin-sODN-3Јdig was purified using a dextran column for biotinylated oligo DNA (Roche Applied Sciences) and stored at Ϫ20°C (17) . We mixed biotinylated sODN-cfos-3Јdig (20 parts biotinylated sODNcfos and one part biotinylated sODN-cfos-3Јdig) just before use.
All probe conjugates were constructed with the same lot of activated SPION to minimize composition variations in the proportions of iron, dextran, and reaction intermediates. We incubated activated SPION with sODN-3Јbiotin at a ratio of 120 pmol SPION (720 nmol Fe) to 0.5 nmol sODN-3Јbiotin for 20 min at room temperature and then at 4°C. The conjugates were filtered in a Micron column (YM30, Millipore, Bedford, MA, USA) before use, within 24 h of conjugation. The resulting conjugate of activated SPION and sODN is referred to as SPION-sODN, or more specifically SPION-cfos, SPION-␤-actin, or SPION-Ran, according to the sequence of the linked sODN. The distribution of sODN-cfos-dig was indirectly examined with FITC-labeled immunoglobin G (IgG) against digoxigenin (17) .
Surgical procedures
All procedures and animal care practices adhered strictly to AAALAC, Society for Neuroscience, and institutional guidelines for experimental animal health, safety, and comfort. See Table 1 for protocol.
MR probe delivery
Male C57Black6 mice (24Ϯ3 g, Taconic Farm) were anesthetized with ketamine (70 mg/kg ip) and xylazine (12 mg/kg ip), and the contrast conjugate was delivered to the brain at a dose of 1 g per mouse (120 pmol SPION per kg body wt.) via ICV infusion (24, 25) . Unless power calculation called for a greater number of animals, each study was repeated with at least three animals in each treatment group.
Bilateral carotid artery occlusion
Five hours after the ICV infusion, we induced cerebral ischemia by occluding the carotid arteries in two animals randomly chosen from a group of four. Briefly, the carotid arteries on both the left and right sides of the neck were exposed and occluded for 30 min (26) . The other two animals in the group were given a sham operation (the same surgical procedure except for actual execution of artery occlusion) that also lasted 30 min. The animals were returned to the same cage, where they remained until MRI scanning on day 2.
Molecular biology assay

Postmortem tissue preparation
Animals were anesthetized with ketamine plus xylazine, as described in tissue preparation (24, 25) .
SPION-cfos binding assay using in situ RT to cDNA
Our binding assay involved procedures adapted from in vitro reverse transcription (RT) (27) . We used RNase ZAP decontamination solution (Ambion, Austin, TX, USA), at room temperature unless otherwise specifically indicated, to ensure that all procedures were carried out in an RNase-free environment. We prepared 20 m sections of brain tissue and stored them at Ϫ80°C. The frozen brain samples were removed from the freezer and dried overnight in a vacuum and then sequentially treated with 4% PFA (20 min) and three washings with RNase-free phosphate-buffered saline (pH 7.2). Samples were dehydrated in ethanol (50, 70, 95 , and 100%) and Pronase (Biomeda, Foster City, CA, USA, 10 min, 37°C), washed in 0.2% (28) . After washing the sample in RNase-free water and dehydrating it with 100% ethanol (wash and dry), we used reverse transcriptase (Invitrogen Life Technologies) to reverse transcribe c-fos mRNA in the absence of DNA primer at 37°C for 90 min. The sample was washed and dried as before.
We used PCR to amplify and detect cDNA produced by the SPION-cfos binding assay. We first preheated brain samples on a hot plate at 95°C while adding the PCR reaction mix (20 mM Tris-HCl, pH 8.4, 50 mM KCl, 300 M each of a pair of upstream and A18 primers, 1.5 mM MgCl 2 , 20 M dNTP, 1 M FITC-dUTP, and 1 U TaqDNA polymerase (Invitrogen LT). The upstream PCR primer (5Ј-gcaactgagaagccaaga-3Ј) had a sequence matching positions 151-168 of c-fos mRNA (29) ; the sequence of the downstream A18 primer (5Ј-catcatggtcgtggtttg-3Ј) was complementary to positions 276 -294. The negative control reaction contained all substrates except the PCR primers. We immediately transferred the samples to a thermocycler (the GeneAmp In Situ PCR system 1000, Applied Biosystems, Foster City, CA, USA) preset at 55°C and sealed the reaction chamber with AmpliCover (Applied Biosystems) and a clamp. Amplification, consisting of 25 cycles of 45 s at 94°C, 1 min at 55°C, and 1 min at 68°C, followed by 10 min at 72°C, was started after samples had been preheated at 95°C for 3 min. PCR was terminated at 4°C. After PCR amplification, we treated all samples with Mung Bean nuclease (Promega, San Diego, CA, USA) to remove excess single-stranded primers (37°C, 10 min). The amplified cDNA (containing FITC) was directly observed using a mercury light source (17) . The RT-PCR procedure we describe is RNA dependent, as evidenced by nullified amplification when DNase I was replaced with RNase A before reverse transcription.
Gene expression using in situ hybridization
We treated one group of C57Black6 mice with 30 min of transient cerebral ischemia and then with 120 min of reperfusion. A second group received a sham operation of the same duration. We used complementary RNA (cRNA) probes for in situ hybridization to image the gene transcript where it is naturally expressed, as has been described previously (22, 27, 30) .
Gene expression using in situ RT-PCR
Samples were prepared for the in situ RT-PCR experiment as for the binding assay except that no SPION-sODNs were infused beforehand. The procedures for reverse transcription in situ were likewise the same as described for the binding assay, except that total mRNA was reverse transcribed in the presence of oligo (dT) 15 primer. The resulting cDNA was subsequently amplified by PCR with a pair of c-fos-specific primers (forward: 5Ј-atgggctctcctgtcaac-3Ј, and reverse: 5Ј-ggtcattgggatcttgc-3Ј) and dUTP-dig at a molar ratio of 0.1ϫ. The amplified double-stranded dig-cDNA was 521 base pairs in length and complementary to nucleotides 250 -766 of exons 1 through 4 in the c-fos mRNA (27) . We used alkaline phosphatase-antidig IgG (Roche Applied Science, Mannheim, Germany) to detect dig-cDNA and stained with 5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolin (BCIP/ NBT) for alkaline phosphatase (Biomeda). To validate our sample-handling techniques, we amplified ␤-actin mRNA in adjacent samples from the same animal when any brain sample failed to give visible cfos mRNA signal in the in situ hybridization assay.
MRI acquisition
In vivo MRI
In vivo image acquisition was performed with a 9.4 Tesla MRI scanner (Bruker Avance System, Bruker Biospin MRI) immediately after infusion (Ͻ30 min) and 7 h and 1 and 2 days after infusion (24, 25) . Gradient echo (GE) images of constant repetition time (TR) and incremental echo spacing (TE) were acquired at each time point along the axial direction. Acquisition parameters were as follows: TR ϭ 500 ms, TE ϭ 3, 4, 6, 8 and 10 ms, flip angle ϭ 30, twenty 0.5 mm slices, 15 ϫ 15 mm field of view (FOV) and 128 ϫ 128 pixels.
Brain metabolic disturbance
We acquired diffusion-weighted imaging (DWI) and average diffusion coefficients (ADC) with the following sequence: TR/TE ϭ 3000/27ms; b ϭ 154, 1160 s/mm 2 ; 180 ϫ 180 m 2 inplane resolution, and 1 mm slice thickness for assessment of tissue injury (25) .
In vitro MR microscopy
We compared the in vivo MRI data 2 days after SPION-sODN infusion and induction of cerebral ischemia. We then euthanized the animals and extracted their brains for postmortem MR microscopy examination. We immersed the whole mouse brains in FC-40, a perfluoro compound solution to eliminate background proton signals, and imaged the brain samples using a 1 cm volume coil in a vertical bore 14 Tesla MR imaging system (Bruker-Avance System). We acquired highresolution T 2 *-weighted images to delineate brain structures and visualize SPION presence (FLASH sequence, TR/ TEϭ50/18 ms, resolution 50ϫ50ϫ100 m 3 or 40 m isotropic, flip angle 20 degrees) (31) .
Data analysis
We performed image analysis using MRVision MRI image analysis software (MRVision, Winchester, MA, USA), MAT-LAB, and in-house software as described (24) .
RESULTS
We aimed to determine the reporter characteristics of SPION-sODN for gene transcription analysis in live subjects. We selected to assess SPION retention in the contralateral hemisphere for statistical analysis because that area is characterized as having the least blooming-related T 2 * signal reduction (e.g., signal spillover) and fewest T 1 effects caused by high SPION concentration near the infusion site and in the ventricular space where signal reductions may not be related to probe retention and therefore transcription. In addition, air-tissue interfaces of the ear and trachea may contribute irrelevant signal reduction (25) . To quantitatively analyze SPION retention, we obtained T 2 * (ms) or average R 2 * (R 2 *ϭ1/T 2 *) values (s Ϫ1 ) from the region of interest (ROI) encompassing most of the contralateral somatosensory cortex (SSC) of five contiguous brain slices (Ϫ1.4 to 0.6 mm from the bregma) in each animal that received either SPION-cfos or SPION-Ran ( Fig. 2A) . We chose to analyze R 2 * values because they change positively with elevation of iron oxide (24) . We demonstrated that 1 g dose of SPION-cfos (40 g Fe/kg) was retained by the brain with a peak R 2 * value of 40 s Ϫ1 in the mouse contralateral SSC 1 day after ICV infusion ( Fig. 2A) ; R 2 * decreased toward baseline values at day 2. This dose was high enough for signal detection but low enough not to produce excess noise in the MR image. No significant R 2 * elevation was observed when SPION-Ran was infused. Figure 2B shows that at 7 h, SPION-Ran was retained at low levels in the hippocampus and cortex posterior to the infusion site. At a dose of 80 g Fe/kg, SPION-cfos was demonstrated to have greater retention but with a peak time of more than 3 days (25) . Given this longer peak time for the 80 g Fe/kg dose, we chose to use the 40 g Fe/kg infusion dose of SPION-sODN for our current studies. 
Location of sODN-cfos-FITC or SPION-cfos-FITC after delivery
Because SPION has a quenching effect on FITC when bound to sODN (as SPION-sODN), we infused SPION-cfos-digoxigenin and showed its localization by its immunoreactivity to IgG against digoxigenin at 1 day (25) . We show here that sODN of SPION-cfos retention was localized in the neuronal formation of C57Black6 mouse brains (Fig. 3 A, B) , where we also observed T 2 * signal reduction in MRI (Fig. 3C) . We observed positive dig-immunoreactivity in the cortical nuclei of all cell layers except layer I (Fig. 3B) . Again, sODN is colocalized with iron oxide in concert with SPION retention. Our results indicate that at 40 -80 g Fe/kg, the linkage between a sODN and a SPION contrast agent remains intact for at least 1 day.
This same 40 -80 g Fe/kg dose of unconjugated SPION (without linked sODN) was neither retained in the brain after infusion (24, 25) nor showed MR signal reduction, as in baseline MRI (Fig. 3D) . SPION retention in the contralateral SSC of animals that received SPION-cfos was slightly elevated but significantly higher than baseline at 1 day ( Fig. 2A) . This modest elevation also correlated with MR T 2 * signal reduction (Fig. 3C ) compared to baseline samples (Fig. 3D) . Reduced MR signal in animals that received SPION-cfos was no longer present on day 2 as predicted in Fig. 2A . Iron oxide was present in the ventricular wall, in the Virchow-Robins space, in neurons of the dentate gyrus of the hippocampus, and in the cortex (Fig. 3E, inset) . No iron oxide staining was evident in animals infused with unconjugated SPION (Fig. 3F, inset) . In animals infused with fluorescein isocyanate (FITC)-labeled SPIONcfos, we demonstrated that SPION-cfos-FITC is present in the Virchow-Robins space but not in the glia, as shown in Fig. 3G . 
In vivo c-fos mRNA targeting of SPION-cfos
To determine whether elevation of R 2 * values in live animal brains correlates positively with the presence of SPION-cfos, we investigated 1) the targeting ability, and 2) the location of SPION-cfos in mouse brains after delivery. We aimed to demonstrate whether intracellular SPIONcfos forms a specific heteroduplex with c-fos mRNA in vivo (c-fos mRNA targeting). Figure 4A schematically depicts our targeting assay, wherein hybridization between target and probe serves to prime RT of cDNA and obviate the need for conventional RT primer. The resulting cDNA facilitates subsequent PCR amplification using additional and c-fos-specific primers in the presence of FITC-labeled substrates. We examined the priming of two MR probes (SPION-Ran and SPION-cfos) 1 day after ICV infusion (nϭ3 each). We observed amplification of c-fos mRNA in brain samples from animals infused with SPION-cfos (Figs. 4B, C) but not when PCR did not include specific c-fos primers (Fig. 4D) ; we did not observe similar amplification in control animals that received the randomsequence SPION-Ran (Fig. 4E, F) . We present the cortex and hippocampus regions in Fig. 4 both because these regions are easily identified under a microscope and because the hippocampus, located in the ventricle posterior to the infusion site, is not physically damaged by probe delivery. FITC signal was present in both the nucleus and the surrounding cytoplasm (Fig. 4B) . Our results show that 1) the infusion procedure does not destroy transcripts of cerebral c-fos mRNA, and 2) excess SPION-sODN (random or cfos not hybridized to target mRNA) was not present during PCR amplification. Taken together, these results indicate that SPION-cfos delivered to the mouse brain forms a hybrid with intracellular cfos mRNA, a prerequisite for transcription MRI; SPION-Ran does not.
Toxicity of SPION-cfos retention
We present results from DWI experiments aimed at investigating the potential deleterious effects of the iron-containing probe in a fragile cellular environment such as cerebral ischemia. Because formation of edema and necrosis following cerebral ischemia-reperfusion is related to the presence of reactive oxygen species (ROS) and nitric oxide (32, 33) and because edema can be detected noninvasively and very early with MRI (34, 35), we are interested in exploring the development of edema or necrosis in animals previously infused with SPION-cfos. In this investigation, we employed a model of global cerebral ischemia involving bilateral carotid artery occlusion (BCAO) in C57Black6 mice (26) . If artery occlusion is limited to 30 min (nϾ4), this model induces oxidative stress and DNA fragmentation without gross brain damage (36) . However, BCAO in excess of 60 min does induce brain edema, determined by ADC below the threshold value, in the bilateral cortex and striatum (25) . Global cerebral ischemia-based induction of blood-brain barrier leakage appears to be biphasic in nature (37) . We hypothesize that brain edema and/or necrosis will develop after 30-minute artery occlusion in animals previously infused with SPION-cfos.
Our studies involved SPION-cfos infusion before BCAO and measurement of DWI and ADC at three specific time points (see Table 1 for protocol). We observed no apparent DWI hyperintensity or gross tissue damage in the brain either 4 h after ICV (Figure  5Ai ) or immediately after BCAO (Fig. 5Aii) , including peak SPION-cfos retention (24 h post-ICV delivery or 20 h postocclusion, Fig. 5Aiii ). The ADC showed no significant differences between respective regions in the left and right hemispheres in the cortex and striatum of the same brain at any of the three time points (Ͼ0.05, t test, Fig. 5Bi, ii, iii) . Here we show that SPION-cfos infusion to the brain does not enhance metabolic disturbance induced by global cerebral ischemia of 30 min.
Application in animals with acute neurological disorders
Intracellular c-fos mRNA is activated to a high level in the brain after global cerebral ischemia. We aimed to show that SPION-cfos retention (per MR maps) is related to intracellular mRNA levels in the brains of live animals. To better illustrate SPION retention with statistical analysis, we adapted a set of criteria to analyze SPION uptake by 1) measuring regional R 2 * values in R 2 * maps for quantitative analysis of MR images, and 2) comparing MR assessments to in situ hybridization and in situ RT-PCR results. We also included assessment of two controls with and without cellular targets (SPION-␤-actin and SPION-Ran, respectively). We detected ischemia-induced SPION retention at 2 days postinfusion. The rationale for the 2 day delay between operation and imaging was based on two previous observations: 1) SPION retention in animals that received SPION-cfos at a dose of 1 g per mouse peaks at 1 day postinfusion and then returns to baseline levels in the contralateral SSC, and 2) if intracellular mRNA is elevated after cerebral ischemia, intracellular hybrids of mRNA-sODNs remain in the brain cells for at least 1 day (14), while unbound and excess SPION-cfos is no longer detectable as shown in Fig. 2A . Figure 6A , B shows cerebral R 2 * maps of SPION-cfos and SPION-␤-actin, respectively, in mice with and without cerebral ischemia treatment. Using a computergenerated scale representative of R 2 * intensities, we noted visible R 2 * differences in the cortex, hippocampus, and hypothalamus in all groups of animals. In general, R 2 * maps in the lower half of the brain revealed elevated values in live animals, possibly from (Fig. 2) 4 h after ICV but immediately before BCAO (i) and at two time points (ii, iii) at 30 min and 20 h after BCAO. Threshold ADCs (ϫ10 Ϫ4 ) were 5.5, 4.7, and 5.9 for the cortex, stiratum and hippocampus, respectively. We did not observe hyperintense DWI in A nor did we see ADC values below the threshold in these 3 regions (nϭ4). Toxicity testing using 2,3,5-triphenyltetrazolium chloride (TTC) did not reveal necrosis.
Identification of in vivo transcription hotspots for c-fos mRNA
noise unrelated to transcription but due to interference from the air-surface interface of the ear and trachea (24) . To eliminate such noise, we constructed subtraction maps (cerebral ischemia group minus sham operation group). We identified ischemia-induced R 2 * elevations in the cortex and hippocampus as hotspots (Fig.  6A) . We observed no elevation in the subtraction maps of SPION-␤-actin relative to those of SPION-cfos (Fig.  6B ), except in a few spots near the amygdala and/or piriform cortices (upward arrows) and the contralateral cortex. We observed no such elevation in the SPIONRan group (not shown). The hotspots depicted in Fig.  6A allowed us to explore possible elevation of gene transcription for c-fos mRNA.
Differences in R 2 * values by statistical analysis
We obtained mRNA maps in autoradiographs using in situ hybridization and a radioactive probe for complementary RNA (cRNA). If precautions are taken to ensure that mRNA is not destroyed (27, 30) , this conventional assay is a sensitive molecular method for assessment of postmortem samples. A representative autoradiograph is displayed adjacent to the corresponding R 2 * maps (Fig. 6) . RNA maps acquired 1 h after 30-minute cerebral ischemia showed elevated levels of c-fos mRNA, but not ␤-actin mRNA (Fig. 6C, D) , in a general agreement with the R 2 * maps shown in Figs. 6A , B, respectively. We observed no cfos-mRNA in sham-operated group (Fig. 6C) . Nevertheless, the mRNA maps from c-fos in the cerebral ischemia group matches those of R 2 * subtraction maps (Fig. 6A) , because RNA map from sham-operation group has no signal. We observed mRNA elevation in the cortex and hippocampus in the R 2 * maps and mRNA map (Fig.  6A, C) .
To support our observations of hotspots following cerebral ischemia, we calculated the mean R 2 * values in the contralateral SSC of individual animals infused with SPION-cfos. R 2 * values in this ROI were significantly higher (Fig. 7) , by roughly 18 s Ϫ1 (or 60%), in animals treated with cerebral ischemia than in sham-operated animals. However, we observed no significant change in R 2 * when comparing sham-operated and cerebral ischemia-induced animals after SPION-␤-actin or SPIONRan infusion. This observation is in line with the known Figure 6 . Transcription MRI after cerebral ischemia detected in live animals: SPION-sODNs were infused to both sham-operated and ischemia-induced animals; MRI was acquired 2 days afterward. R 2 * maps after sham operation (SO) and cerebral ischemia (CI) are shown. Scale of R 2 * intensity is 0 to 90 s Ϫ1 . A, B) Average R 2 * maps from two MR slices at Ϫ1.4 to Ϫ0.9 mm (Bregma) from live animals in the SPION-cfos (A) and SPION-␤-actin (B) groups (nՆ3 per group). Subtraction maps of the 2 groups (CI-SO, overlaid on corresponding anatomical images of a normal mouse) show that cerebral ischemia induced SPION retention. Subtraction map minimized possible interference from the ear canals of the mouse, which may have been produced at the location of the amygdala and piriform cortices (at MR slices Ϫ1.4 and Ϫ0.9 mm mm to Bregma). Expression of c-fos and ␤-actin mRNA in animals without SPION-sODN infusion and with or without cerebral ischemia (plus 1 h of reperfusion) is detected using in situ hybridization with 33 P-labeled complementary RNA probes. Corresponding autoradiograms (RNA maps) are shown adjacent to R 2 * maps (C, D). No subtraction mRNA map was generated, because we could not align samples between groups as the postmortem brains are not in the same shape in the confinement of the skull. stability of ␤-actin mRNA in response to stress conditions.
MRI of mRNA transcripts in the hippocampus-MR image comparisons
The defined formation of neurons in the hippocampus (38) was the primary factor in our decision to adopt a series of semiquantitative analyses on the hippocampus of postmortem brains using high resolution 14 Tesla MR Microscopy. We compared in vitro MR images and in situ RT-PCR images of the hippocampus to strengthen the validation of our MRI method of tracking specific mRNA transcript levels. Our acquisition of 3D T 2 *-weighted images of in vitro brains focused on the contralateral hippocampus (Fig. 8A, B) . Visible but relatively modest T 2 * signal reduction was found in the hippocampus of sham-operated animals two days after SPION-cfos infusion (Fig. 8A) . This finding is consistent with the temporal profile of R 2 * values at day 2 ( Fig. 2A) , and comparable to MRI results at the preinfusion baseline, Fig. 3D . After induction of cerebral ischemia, T 2 * signal reduction was clearly enhanced in the pyramidal cell layer, including the CA1 and CA3 regions, and in the dentate gyrus of the mouse hippocampus (Fig. 8B) . It should be mentioned that we did note some non-specific T 2 * signal reduction along the ventricular wall between the cortex and hippocampus in all brains (Fig. 8A) .
Verification of MRI using RT-PCR
We developed an in situ RT-PCR method to overcome the typically poor resolution provided by in situ hybridization. In this study, which aimed to show localization of endogenous c-fos mRNA, we did not infuse animals with SPION-cfos. We reverse-transcribed total cDNA using (dT) 15 primer and then amplified c-fos cDNA in the presence of c-fos-specific primers. Although baseline mRNA expression is typically extremely low in normal brains, trace amounts of c-fos mRNA can be seen in the CA1 of the pyramidal cell layer and, to a lesser extent, in the DG (Fig. 8C) . Cerebral ischemia greatly augments c-fos mRNA expression, specifically in the DG, CA1, and CA3 formations (Fig. 8D) . Together, the results of our studies demonstrate the sensitivity and specificity of the SPION-cfos probe for imaging cerebral mRNA transcripts. Our observations in MR microscopy at 14 T (Fig. 8B ) are similar to that the PCR results depicted in Fig. 8D (20-cylces of PCR represents an amplifications of transcripts by 6 orders of magnitude). We can thus conclude that MR microscopy is sensitive enough to detect differences in gene transcription without requiring amplification. In this manuscript, we have demonstrated here that DNA-RNA binding in advanced molecular assay (Figs. 1A and 4) is the basis for the MR detection of mRNA expression in mouse brain after acute global cerebral ischemia.
DISCUSSION
We developed an MRI technique that utilizes novel contrast probes labeled with reporter sODNs. This method offers the flexibility of in vivo or in vitro MRI to study endogenous gene transcription in the mouse brain after cerebral ischemia. We have reported that the uptake of SPION-sODN is different from unconjugated SPION in living subjects (24, 25) ; we now demonstrate binding or targeting evidence of this probe using in situ RT-PCR (Fig. 4) . Therefore, the sequence of our SPION-cfos probe mediates the retention of c-fos mRNA-dependent aptamer, the enhancement of MR contrast in mouse brains, and the efficacy of in vivo MRI for reporting mRNA levels. Our probe design and detection methods not only represent unique advances for reporting gene transcription without mRNA purification in system neuroscience, they also overcome some inherent difficulties associated with RNA isolation in conventional assays. We show an absence of toxicity for this probe after uptake in disease environments (Fig. 5) . We show this novel MR method is as sensitive as advanced molecular biology using RT-PCR and in situ hybridization (Figs. 6 and 8) . We provide here the mechanism of SPION retention is based on target binding (Fig. 4) , according to intracellular mRNA levels (Figs. 6 -8 ). Moreover, we used different control probes for constitutively expressed target (SPION-␤-actin) in a different disease model (Fig. 7) . We compared the retention of probes in various regions of the brain where comparison would be made in our cerebral ischemia model. These are a prerequisite for any new probe in a given disease model to obtain the best time point for MRI.
We now demonstrate the sensitivity and utility of mRNA-targeting probes to report active transcription with MRI after global cerebral ischemia, a condition that induces oxidative stress similar to that in acute and chronic neurological disorders in humans. We selected to evaluate c-fos mRNA transcription because the brain is capable of increasing specific gene transcripts (c-fos, but not ␤-actin, mRNA) in response to oxidative stress or with neuronal activity in the central nervous system (20, 22, 39, 40) . This elevation response may be associated with cerebral repair activities in animal brains under certain conditions such as neurodegenerative and neurological disorders. We chose a cerebral ischemia model of bilateral carotid artery occlusion (BCAO) in C57Black6 mice (25, (41) (42) (43) (44) because this model permits occlusion of the carotid arteries outside the brain, and does not require vessel suturing or filament placement inside the brain. Rather, this vessel occlusion model induces global cerebral ischemia by limiting blood flow to the brain while allowing the heart to remain active and supply vital nutrients to other organs, reducing lethality. Although this model induces apoptosis and apparent diffusion coefficient (ADC) reduction after 60 min of global cerebral ischemia (25, 36) , it produces no measurable differences in ADC in SPION-cfos-infused animals either before or after 30 min of BCAO, suggesting that within 1 day of the ischemic episode the iron-containing probe did not increase metabolic disturbance by diffusion-weighted imaging (34, 35) . Seeking support for the application and utility of this new neuroimaging probe, we used in situ hybridization and in situ RT-PCR, conventional yet advanced molecular biological assays to detect levels of intracellular c-fos mRNA. These assays allowed us to compare mRNA maps to our MR R 2 * maps.
A reporter probe for transcription detection in live animal brains must satisfy several challenging requirements. The probe must be able to 1) penetrate the blood-brain barrier to reach brain cells for uptake, 2) achieve adequate sensitivity for contrast enhancement, 3) provide an extended window for detection, 4) demonstrate specific target selectivity, and 5) be biodegradable or readily cleared after detection. We have demonstrated the utility of our probe for meeting all but the first of these requirements, with a dose that is lower than that used in humans and other rodents (45, 46) , and with no measurable toxicity (Fig. 5) . The extended window for MRI with the SPION-cfos probe is proportional to the delivered dose: one day for a 1 g dose in this study (Fig. 2) , and 3 days for a 2 g dose (25) .
The ICV infusion method for delivering probe to the brain cells bypasses the blood-brain barrier to achieve near-uniform distribution of the reporter probe (Fig.  3) . Our observations agree with those that have been reported by others (12, 15, 46 -49) . Our reporter for live animal transcription MRI demonstrates distinct interactions with both the cell membrane (surface interaction) and intracellular mRNA (target interaction). These interactions exhibit some degree of specificity, as illustrated by the retention profiles of SPIONRan (no retention), SPION-cfos (less retention), and SPION-␤-actin (great retention; Fig. 7 ). We are certain that the interactions we have noted are representative of many others that take place once the conjugated probe reaches the inside of the cell.
Unlike unconjugated SPION and NeutrAvidin (proteins) that represent uncharged molecules and require either receptors or liposome for transduction, charged sODN appears to facilitate surface interaction by its ability to attach to the ventricular walls (17) . Unconjugated SPION, either by itself or in mixture with sODN but without linkage, exhibits no such transient retention (24) . The specificity of the sODNЈs membrane interaction is supported by the transient retention of SPION-Ran 7 h after infusion (Fig. 2B) . Endocytosis is one mechanism that has been proposed to facilitate the entry of sODN into cells (50) . The differences between the molecular mass of SPION-cfos, SPION-␤-actin, and SPION-Ran are Ͻ1% (a difference of 0.6 kDa in a complex greater than 165 kDa). Enhanced endocytosis and delayed metabolism or exocytosis based on molecular weight may not be likely to support SPION retention. Although unconjugated SPION has been shown to be located in endosomes (8) , our data in Fig. 4 support more than entrapment of SPION-cfos in the endosomes; rather, these data demonstrate and support the hybridization of sODN-cfos to cerebral mRNA (14) . We propose that the hybridization-based double-helix theory increases the retention of SPION-cfos. This in vivo evidence suggests that SPION-sODN gains access to its target. It is very likely that endosomes may briefly encapsulate SPION-sODN, but it is the charge on sODN that facilitates SPION-sODN to break away from endosomes for intracellular RNA targeting. The ability of SPION-cfos to accomplish transfection without Lipofectin supports this proposed mechanism (24) . This intracellular targeting mechanism may extend the window of retention for probes with sequences that match those of gene transcripts, shown by a graded retention of SPION-Ran, SPION-cfos, and SPION-␤-actin ( Fig. 2B  and 7) . This mechanism will support the findings of many investigators who have reported that transfection of antisense DNA functions as a gene knockdown agent in the brain.
Moreover, we hypothesize that gene transcript copy number will determine the level of SPION-sODN retention. This hypothesis is supported by the different SPION retention profiles of various MR probes, ranging from no retention for probes with no matching mRNA target (SPION-Ran; Fig. 4) , to high retention for probes that target mRNA such as ␤-actin, which is highly expressed even under normal conditions (Shamoperation groups in Fig. 7) . The retention profile of SPION-␤-actin also illustrates that the reporting of intracellular mRNA is discriminatory (Figs. 6 and 7) . Because SPION-Ran retention remained unchanged before and after BCAO, indiscriminate uptake of SPION-sODN after cerebral ischemia is less likely a contributing mechanism for elevated SPION retention after global cerebral ischemia. Along with molecular biology data, we demonstrate evidence that increased probe retention is related to a change in the number of copies of gene transcript after cerebral ischemia (Figs.  6 and 8) . The sequence of SPION-cfos and its homologous binding to its target c-fos mRNA transcript most likely mediate reporter properties for transcription MRI. Therefore, intracellular interaction between SPION-sODN and mRNA will enable reporting transcription in dynamic changes in living animals with acute neurological disorders such as global cerebral ischemia and receptor signal transduction by amphetamine (24) .
To enable quantitative MRI detection of gene transcription, one must also consider the clearance of unbound reporter SPION-sODN to ensure proper resolution and probe specificity. The mechanism of SPION-sODN clearance is less clear because the stability of the avidin-biotin linkage in the MR probe may be a factor for SPION-cfos turnover time. The lymphatic system has been suggested as one route of clearance for unconjugated iron oxide (46) , but the clearance of sODN may not be the same. Although the presence of SPION-sODN in the Virchow-Robins space supports this proposed clearance pathway, we cannot distinguish incoming probes from outgoing probes. The mechanisms and pathways of clearance and hybridization of SPION-sODN are not yet entirely understood, but will certainly be important for future applications of this method. Once we have a better understanding of these mechanisms, we may be better able to address quantification by serially imaging the same transcript at different time points or by acquiring multiple images of different gene transcripts.
Using ICV delivery, we have shown that elevation of SPION-cfos retention after cerebral ischemia can be specific. Although ICV infusion may not be the ideal method of probe delivery, it may induce cortical spreading depression (51) . The ICV route is currently a very efficient means of delivering genes and stem cells for therapeutic use. In experimental therapies that involve animals such as rodents, for which lumbar puncture is not a feasible option, ICV delivery may be the only option for achieving uniform distribution for robust efficacy analysis. This route can be used for probes with therapeutic value, at least in the contralateral cortex, without requiring autopsy or tissue biopsy-exceedingly important for longitudinal study at both the cellular and molecular levels in drug discovery. In summary, we have demonstrated the feasibility of both in vivo and in vitro MRI of intracellular gene expression at the nucleic acid level in the central nervous system. The data we show here suggest that our probe functions with targeting efficacy in a mechanism similar to that of probes used in molecular biology.
